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Measuring aneurysm diameter sounds as though it might be
an easy method for surveillance monitoring of small abdom-
inal aortic aneurysms (AAA), for clinical decision making
regarding timing of aneurysm repair, and even surveillance
after endovascular repair. In practice, however, there are a
number of methodological problems, all of which might be
overcome by assessing aneurysm volume rather than diam-
eter. The problems of simple diameter measurement include:
1. Deciding in which plane the diameter is measured.1
2. How the diameter is measured, i.e., inner-to-inner,
outer-to-outer, or leading edge-leading edge.1,2
3. The very high heterogeneity between different studies
observed when diameter is used to monitor growth
rate.2,3
4. The inability to detect shape changes, including
proximal or distal extension of aneurysmal disease.4
5. Assessment of blood volume for endovascular aneurysm
sealing technologies.5
6. Assessment of thrombus volume for predicting risk of
aneurysm rupture and cardiovascular events.6,7
TECHNOLOGY FOR THE ASSESSMENT OF AORTIC VOLUME
In the past the measurement of arterial volumes has been
limited by the available technology to report volumes
rapidly. Volumes related to an aortic aneurysm can be
measured with a variety of techniques, including computed
tomography (CT), magnetic resonance imaging, and ultra-
sonography. Components of these volumes are the total
aneurysm volume, the wall volume, volume of any intra-
luminal thrombus, and the volume of the lumen. Here we
focus on assessment of volume by ultrasonography (widely
used for aneurysm screening and surveillance) and CT
(widely used for planning aneurysm repair and surveillance
after endovascular repair).
Recently, there has been considerable progress in seg-
mentation software, allowing a rapid semi-automatic, or
even completely automatic, calculation of accurate volumes
from CT scans.8 Such software aims to combine rapidity,
accuracy, and reproducibility of the imaging post-
processing. A recent Canadian study has proven that the
application of such software permits highly reproducible
and accurate measurements of aneurysm volume (over the
diameter range of 3 to 8 cm), with a repeatability of <6 ml
for volume and <6% for relative volume growth: repeat-
ability was similar for both novice medical students and
experienced radiologists.8 The average time required for
segmentation was less than 4 minutes (227.3  70.5 sec-
onds).9 Importantly, the monitoring of aortic volume is
comparable using non-contrast-enhanced and contrast-
enhanced CT scans, with huge potential to alleviate the
burden of both nephrotoxic contrast and radiation in the
relatively elderly populations being followed if non-contrast
CT scans are used.9Many would prefer ultrasonography for both small
aneurysm surveillance and follow-up after endovascular
repair, as it is non-invasive, without radiation exposure, and
cheap. Surveillance scanning, using portable ultrasound
equipment, can be conducted in non-hospital settings.
Probes with novel electronic arrays have been developed
for the rapid assessment of aneurysm volume using ultra-
sonography10 and one portable device has been evaluated
favourably.11 However, these technologies have not yet
reached the mass market: when they do, volumednot
diameterdwill likely become the preferred measurement
for monitoring both small and large AAAs. The speed of
volume acquisition is a signiﬁcant advantage of volumetric
ultrasound as data sets are produced within seconds, which
then can be subsequently post-processed.12 Whereas two-
dimensional ultrasonography often provides insufﬁcient
context for the data to be stored or transferred to a remote
location, three-dimensional (3D) ultrasound and volume
images overcome such problems and enable telemedicine
applications. When interpreting measurement changes, it is
important to realise that a change in volume expressed as a
percentage always yields a larger ﬁgure than the equivalent
percentage change in diameter.13
SURVEILLANCE OF SMALL ANEURYSMS
Small aneurysms grow slowly and when maximum external
diameter is used for monitoring, a signiﬁcant proportion of
aneurysms appear to be stable, without any signiﬁcant
growth.14 This may be explained by the fact that diameter
measurements only reﬂect a single aneurysm dimension in
one single cross-section, while volume measurements also
take into account the gradual changes of aneurysm
morphology. Thus, changes in aneurysm morphology do not
always result in diameter changes. Moreover, measuring
volume overcomes two key disadvantages of measuring
diameter where reporting in variable planes and elliptical
cross-sections is problematical, particularly in tortuous
aortas.1 Volume is also superior for the monitoring of
saccular aneurysms. Such aneurysms do not appear to obey
the established relationship of increased diameter with risk
of rupture that has been identiﬁed for the majority of
fusiform aneurysms. It is widely accepted that saccular
aneurysms are more likely to rupture, but conﬁrming this
has been difﬁcult. In a study of 15 patients, hierarchical
cluster analysis was used to quantify 3D morphology of
aneurysms and develop a shape classiﬁcation according to a
tortuosity index.15 Aneurysms that ruptured were associ-
ated with signiﬁcant increases in the tortuosity index in
serial scans, whereas change in diameter was minimal.
One small prospective study used a semi-automated
technique to monitor volume changes in 57 patients with
small aneurysms.4 Although semi-automated techniques
are more time-consuming than completely automated
segmentation methods,16 this approach also offers good
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variation of volume were less than 3%deven for small
AAAsdwhereas the average coefﬁcient of variation for axial
and orthogonal diameter was 3.2% and 2.5% respectively.4
Interestingly, 24 of the 57 patients in this study showed a
volume increase of >6 cm3 between sequential scans, but
only about half of these showed a corresponding increase in
orthogonal diameter (median time interval between the scans
was 14 months).4 These results are in agreement with a
smaller retrospective study, where 22 of 28 patients with
small aneurysms showed an increase in volume between
successive contrast-enhancedCTscans comparedwith only 18
patients who showed increases in aortic diameter.8 However,
in this latter study the interval between scans was not given.8
Overall, volumetric measurements have a higher sensitivity
for aneurysm growth than diameter measurements. The ac-
curacy and reproducibility of aneurysmal volumetry continues
to improve as both imaging software and hardware pro-
gresses with step-wise improvements, whereas the capability
of diameter measurement has peaked.
Morphological data from 3D imaging allow not only
segmentation for the purposes of volume calculations but
also open the way for calculation of peak wall stress. Three-
dimensional models, based on contrast-enhanced CT scans,
provide information for ﬁnite element models.17 Finite
element analysis, which is a sophisticated mathematical
method of stress analysis factoring in a range of aortic
properties, has shown that peak wall stress is highly
correlated to both maximum diameter and sac volume.18
Volumetry also allows the quantitation of luminal thrombus
in the aneurysm. The presence and effect of any intraluminal
thrombus has been the subject ofmuch study.There are three
potential effects that thrombus could have onoutcomes. First,
cellular andmetabolic activitywithin the thrombus could have
secondary effects to weaken the adjacent aortic wall. Second,
there may be a biomechanical effect that alters the stress
forces exerted on the vesselwall andhence the riskof rupture.
Third, intraluminal thrombus also may be partly responsible
for the hypercoagulable and hypoﬁbrinolytic state often seen
in patients with AAA, with associated increase in risk of car-
diovascular events.The volume of intraluminal thrombusmay
inﬂuence biomechanical properties, but thrombus also mod-
iﬁes the lumen size and its tortuosity, both of which may be
factors contributing to risk of rupture.
Surveillance of patients with a small AAA has the aim of
determining the correct time point at which a patient needs
evaluation for a corrective procedure. The timing depends
mainly on the aneurysm size and aneurysm growth, as well
as symptoms and anticipated risk of intervention. So far, all
evidence directed at establishing a threshold at which a
corrective procedure should be recommended has been
based on diameter measurements only. Clearly, volume is a
much more sensitive indicator of changes in aneurysm
morphology, including longitudinal extension of the aneu-
rysm, than is aneurysm diameter and, hence, more likely to
be of value in the clinical management of patients; how-
ever, there is currently no evidence concerning threshold
volumes. Volumetric assessment of the aneurysm, perhapscombined with emerging functional or ﬁnite element anal-
ysis, is bound to be a better predictor of AAA expansion and
risk of rupture. Moreover, automated, or at least semi-
automated, volume measurements are likely to be vital in
the search for new therapies to control small aneurysm
growth.
ASSESSING SUITABILITY FOR ANEURYSM REPAIR
Optimal planning of a therapeutic procedure demands that
the surgeon or interventional radiologist have a thorough
understanding of the aortic anatomy and its main branches.
For endovascular repair, diameter measurements may suf-
ﬁce. Technology does not stand still and, today, new
endovascular sealing techniques are being introduced,
exempliﬁed by the Nellix endograft.5 These techniques are
currently limited by the aortic volume, which can be ﬁlled
by the sealing bags. Measurement of aneurysm volume
could therefore become essential to the timing and plan-
ning of aneurysm repair using this technology.
SURVEILLANCE AFTER ANEURYSM REPAIR
Surveillance after open aneurysm repair is minimal. In
contrast, many recommend the need for lifelong surveillance
after endovascular repair.19 To date, the measurement of
aortic diameter after endovascular repair, whether by CT or
ultrasonography, has been a key determinant of surveillance.
Continued sac expansion after endovascular repair is indica-
tive of an endoleak and the need for re-intervention. Sac
expansion with or without endoleak is an important risk
factor for secondary aneurysm rupture.20 There are several
studies that have indicated that aortic volume is amuchmore
sensitive indicator than aortic diameter for sac expansion
after endovascular repair.4,21e23 More recently van Keulen
et al.23 have shown that volume measurement detected sac
expansion that was not detected by diameter measurement.
In this study volumetry detected sac expansion in 32/131
scans, although an increase in orthogonal diameter was
detected in less than half of these (14 scans only).23 Endo-
leaks were detected in 18 of the scans with volume expan-
sion, although increased orthogonal diameter was only
recorded in 8 of thesedagain, less than half.
Recently, it has been suggested that a 2% increase in
aortic volume is indicative of an endoleak following endo-
vascular aortic repair, whereas if the aneurysm volume
decreases by >3% the patient is endoleak-free.24 Such
minimal changes set the bar very high with regard to
measurement accuracy and repeatability, but current semi-
automated or completely automated segmentation soft-
ware is ready to meet these challenges.4,8
Again, as 3D ultrasound also provides accurate quantiﬁ-
cation of volume after endovascular repair, surveillance can
be offered non-invasively without any burden of contrast
agent or radiation.13,25CHALLENGES
We need to obtain the evidence to rewrite guidelines based
on volume thresholds. The beneﬁts of providing patients
8 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 1 July/2013with surveillance (before and after aneurysm repair) based
on volume measurements should overcome the difﬁculties
of obtaining aneurysm-volume based evidence.
SUMMARY
Aneurysm diameter measurement is quick and easy, but
suffers from the pitfalls of being “too rough and ready”.
When semi-automated segmentation took 7e10 minutes to
estimate volume, it was not a practical tool for busy, routine
clinical practice. Today, the availability of automatic seg-
mentation in seconds is bound to make volume measure-
ment, along with 3D ultrasonography, the tools of the
future. There can be no debate.
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